We predict the observational signatures of galaxy scale outflows powered by active galactic nuclei (AGN). Most of the emission is produced by the forward shock driven into the ambient interstellar medium (ISM) rather than by the reverse shock. AGN powered galactic winds with energetics suggested by phenomenological feedback arguments should produce spatially extended ∼ 1 − 10 keV X-ray emission ∼ 10 41−44 erg s −1 , significantly in excess of the spatially extended X-ray emission associated with normal star forming galaxies. The presence of such emission is a direct test of whether AGN outflows significantly interact with the ISM of their host galaxy. We further show that even radio quiet quasars should have a radio luminosity comparable to or in excess of the far infrared-radio correlation of normal star forming galaxies. This radio emission directly constrains the total kinetic energy flux in AGNpowered galactic winds. Radio emission from AGN wind shocks can also explain the recently highlighted correlations between radio luminosity and the kinematics of AGN narrow-line regions in radio quiet quasars.
INTRODUCTION
Galaxy scale outflows driven by active galactic nuclei (AGN) have been invoked to explain the close connection between the properties of black holes and their host galaxies (e.g., the MBH − σ relation; Silk & Rees 1998) and the quenching of star formation in massive galaxies . However, observationally identifying galactic outflows driven by AGN rather than star formation is non-trivial. There has been significant progress in this direction in the last ∼ 5 years, in particular through observations of nearby ultraluminous infrared galaxies and quasars (e.g., Feruglio et al. 2010; Rupke & Veilleux 2013; Cicone et al. 2014 ) and the Type 2 quasar sample from SDSS (e.g., Liu et al. 2013; Greene et al. 2014) .
The goal of the present paper is to predict several observational diagnostics of AGN-powered galactic winds. Throughout we focus on simple, but robust, analytic estimates. We also compare the resulting predictions with analogous predictions for star formation powered winds in order to identify ways of disentangling these two energy sources powering galactic winds. Our study builds on earlier work with related goals (e.g., Jiang et al. 2010 ; Faucher-Giguère et al. 2012; Bourne & Nayakshin 2013).
Throughout this paper, we utilize Faucher-Giguère & Quataert (2012)'s (hereafter FGQ12) analytic model for energy conserving galactic outflows driven by AGN. In particular, we consider galactic winds with kinetic luminosities ∼ 0.01 − 0.05 LAGN and momentum fluxes of ∼ 1 − 10 LAGN/c. These values are motivated by observed galactic winds attributed (at least in part) to AGN (e.g., Arav et al. 2013; Cicone et al. 2014 ) and by models of the MBH − σ relation (e.g., King 2003; Di Matteo et al. 2005; Debuhr et al. 2012 ).
In §2 we briefly review the physics of galactic winds powered by AGN, highlighting that the observed emission is likely to be dominated by the forward shock driven into the interstellar medium, rather than the reverse shock in the AGN wind (see Fig. 1 ). This leads to more luminous emission associated with AGN-powered galactic winds than predicted previously by FGQ12, who focused on the shocked wind emission because it is the latter that is critical for the dynamics of the outflow as a whole. In §3 we present analytic and numerical estimates of the thermal X-ray emission of the shocked interstellar medium (ISM) produced by a combination of free-free and inverse Compton emission; we also compare this to emission from the shocked wind. In §4 we calculate the non-thermal emission from shock acceler- Fig. 1 ). Approximately half of this energy goes into the forward shock driven into the ambient medium. The other half is thermal energy of the shocked wind bubble. 3 Parameters in the ambient medium density profile; see eq. (1). 4 Input speed of the AGN wind on small scales (Fig. 1) .
ated electrons and protons and the resulting radio to γ-ray luminosities. We summarize our results and predictions in §5 and compare them to current observational constraints.
PROBLEM SETUP

Energy conserving outflows
We use the energy conserving outflow model of FGQ12. Figure 1 and Table 1 provide a schematic representation of the setup and define some of the key parameters we will use in this paper. We assume that an AGN with luminosity LAGN drives a wind from the accretion disk close to the black hole.
The interaction between the AGN wind and the surrounding ISM is determined solely by the density distribution of surrounding gas and the total kinetic power in the AGN wind, L kin .
1 The latter can be expressed in terms of the initial speed vin and mass loss rateṀin of the wind or the input momentum fluxṀinvin = τin(LAGN/c), where τin quantifies the initial wind momentum flux relative to the momentum flux in the AGN radiation field.
We assume that the ambient medium has a density that decreases as a power law with distance from the galactic nucleus:
where nH,0 is the number density of the ambient medium at an arbitrary chosen fiducial radius R0. We model both the AGN wind and the ambient medium as spherically symmetric and we neglect the realistic multiphase structure of the ISM of galaxies. These are clearly gross over-simplifications. We discuss this further in §5.
When the wind sweeps up its own mass in the ambient ISM, two shocks are formed that are separated by a contact discontinuity (Fig. 1) . The innermost shock is a reverse Figure 1 . An AGN drives a wind with velocity v in , mass loss ratė M in , and kinetic luminosity L kin . This creates a forward shock with radius Rs and velocity vs that propagates through the ambient medium and a reverse shock with radius Rsw. The two shocks are separated by a contact discontinuity at Rc. Behind the forward shock is the shocked ambient medium (SAM), which will radiate through thermal free-free and inverse Compton emission as well as non-thermal synchrotron, inverse Compton and pion decay emission.Ṁ SAM is the rate at which the forward shock sweeps up the ambient medium. This is typically Ṁ in . If energy is conserved, the dynamics of the galactic-scale wind driven by the AGN (e.g., Rs vs. time) depends solely on L kin and the density profile of the ambient medium (parameterized by eq. 1). Note: this Figure is not to scale. For an energy conserving outflow the shocked wind (SW) fills most of the volume. When it cools the SAM is much thinner than pictured.
shock with radius Rsw that acts on the wind from the AGN; for this reason, it is often called the wind shock. The outer shock with radius Rs and velocity vs propagates outward through the ambient medium. The total input kinetic power is
whereṀSAM = 4πnH (Rs)mpR 2 s vs is the mass of the ambient medium swept up per unit time by the forward shock (this is in general Ṁ in). The second equality in equation (2) follows from the fact that approximately half of the energy supplied by the AGN goes into energy of the forward shock; the other half is in the thermal energy of the shocked wind. In the energy conserving case assumed in this paper L kin is independent of shock radius.
FGQ12 estimated the emission produced by the shocked wind (SW) as a probe of the power carried by AGN outflows. They also showed that under many circumstances the SW does not cool efficiently, making AGN powered galactic winds essentially energy conserving. The key reasons for this are that the wind shock produces very high temperature gas with
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and that the shocked wind density declines as 1/R 2 which leads to shocked wind densities substantially lower than the SAM for most parameters of interest.
By contrast, as the AGN wind sweeps up the ambient medium the forward shock decelerates producing cooler gas with
More accurately, TSAM is the temperature of the shocked protons. The electrons will be heated to a somewhat lower temperature at the shock. For the shocked wind, FGQ12 showed that this distinction between proton and electron temperatures is important and modifies the cooling rate. Two-temperature effects are less important for the SAM, however, because of the lower temperatures and higher densities. As a result, Te ≈ TSAM . The exception is low ambient ISM densities and small radii, in which case the forward shock speed is not much smaller than vin.
The numerical results given in §3.5 include the effects of finite electron-proton equilibrium times following FGQ12 (see also §3.4) but since this is only important at very small radii we do not account for this in our analytic estimates that follow.
In §3.4 we show that the denser SAM is typically more luminous than the SW. We thus focus primarily on predictions of the emission from the SAM.
The mean ISM densities of galaxies hosting powerful AGN can be large, ∼ 10 3−4 cm −3 on scales of ∼ 100 pc if observations of nearby ULIRGs are representative (Downes & Solomon 1998) . These densities would be sufficient to quench an AGN powered galactic wind prior to its reaching radii kpc (FGQ12). It is likely, however, that AGN winds follow paths of least resistance and interact with gas having densities significantly less than the formal volume averaged gas density. We thus choose characteristic ambient densities that produce galaxy-scale winds with properties broadly suggested by observations: velocities of ∼ 1000 km s −1 at radii ∼ 0.1 − 1 kpc (e.g., Feruglio et al. 2010; Cicone et al. 2014) . Momentum conservation implies that the mean density swept up by the AGN wind must then bē nH (< Rs) ≈ 50 cm where τP = cP/(LAGNt f low ) quantifies the momentum of the outflow P at large radii; τp can be larger than the input momentum parameterized by τin because of work done during the energy conserving phase.
Energy conservation implies that the forward shock radius as a function of time in spherical symmetry is (see 
Note that for α = 1, which we will take as our fiducial value in what follows, Rs ∝ t 3/4 , vs ∝ R Rs 100 pc
The free-free luminosity produced by the SAM depends on whether the cooling time is short or long compared to this flow time. As we shall see, the IC luminosity depends only weakly on whether the SAM cools.
THERMAL EMISSION FROM THE SAM
In this section we determine the importance of both freefree and Compton cooling of the SAM. We present results for the emission produced by the SAM as a function of the forward shock radius Rs and the parameters of the input AGN wind and ambient density profile. In our analytic estimates, we ignore relativistic effects to increase the clarity of the presentation. We relax this assumption in our numerical results in §3.4. In both our analytic and numerical calculations we assume that at a given radius Rs, the emission from the SAM is dominated by matter newly shocked at that radius, rather than material shocked at a smaller radius that adiabatically expands as the shock moves outwards. For the ambient medium density profiles we consider (with 0.5 α 2), this is a good approximation.
Inverse Compton emission
Using equation (1) the column density of the swept up SAM when the shock is at a radius Rs is given approximately by
2 The factor of 3 was incorrectly placed outside the large brackets in eq. A5 of FGQ12. This is the corrected formula. This typographical error did not propagate to other equations in Appendix A of FGQ12.
The total luminosity from photons scattered by the swept up SAM is then
Equation (10) has two parts: the first term in ( ) represents the scattered AGN radiation while the second term (∝ < γ 2 β 2 >) accounts for the additional energy (of the shocked SAM) imparted to the photons during scattering. The latter is 1 for the SAM at all shock radii of interest and so the IC emission from the SAM is dominated by the pure Thomson scattering contribution.
Given this, the SAM IC contribution directly probeṡ MSAM , the galaxy-scale mass loss rate driven by the AGN:
Scaling to fiducial parameters we can also express the SAM IC emission as
To calculate the spectrum of the scattered radiation, we use the AGN spectrum from Sazonov et al. (2004) :
10 eV < E ph < 2 keV C * E −0.6 ph 1 eV < E ph < 10 eV where A, B, and C are normalization constants which must be set to ensure continuity of the spectrum. Because γβ 1, the output spectrum of the radiation scattered by the SAM will match the AGN spectrum quite closely.
The timescale for cooling of the SAM via inverse Compton scattering depends on the energy loss rate of the electrons in the SAM. This is set by the second term in ( ) in equation (10), not the first.
The timescale for the newly shocked SAM to cool via inverse Compton scattering is thus
where IC is the IC emissivity per unit volume (eg, Rybicki & Lightman 1979) and we have assumed non-relativistic temperatures, as is appropriate for the SAM. The corresponding rate at which the electrons lose energy to IC cooling isĖ
Free-Free Emission
Using the energy conserving shock solution, the timescale for the SAM to cool through free-free emission is
Rs 100 pc
where f f is the free-free emissivity per unit volume (eg, Rybicki & Lightman 1979). The total free-free emission when
Using equations (2), (8) and (15) this becomes
We have set the frequency averaged gaunt factor to 1.2.
We use the standard non-relativistic free-free emission results from Rybicki & Lightman (1979) to determine the spectrum. The X-ray emission is of particular interest given the high shock velocities (eq. 7). It is straightforward to show that so long as the SAM does not cool on a flow timescale, the free-free emission in the X-ray band produced by the SAM is given by (for vs 650 km s where the limitation on shock velocity originates from the assumption that hν kT , which allows us to eliminate the exponential term in the standard free-free emissivity. Note that equation (7) shows that the restriction vs 650 km s −1 is valid over a wide range of the parameters relevant to AGNpowered galactic winds, so that equation (18) provides a reasonable analytic estimate of the expected X-ray emission.
The Rapid Cooling Limit
To determine whether the SAM cools on the flow timescale we define the net cooling time as
When t f low > t cool the SAM radiates the majority of its energy quickly and cools to a temperature TSAM predicted by equation 4. In this rapid cooling limit, we cannot use equations (14) or (16) because the energy loss rate of the electrons would exceed L kin , violating energy conservation. Instead, when t f low > t cool all of the thermal energy that is input into the SAM is radiated on a flow timescale. The majority of the thermal emission still comes from gas at ∼ TSAM even though the bulk of the SAM cools to a much lower temperature. Thus in the rapid cooling limit
and
To smoothly interpolate between t cool < t f low and t cool > t f low we use
Note that the possibility that the SAM radiates a significant fraction of its thermal energy is not in conflict with our assumption of an energy conserving galactic wind. The overall dynamics of the outflow are determined by the shocked wind; whether the SAM cools has only a small impact on the outflow solutions (e.g., Koo & McKee 1992).
Comparison to Shocked Wind Emission
Here we determine the emission produced by the SW and show that it is small compared to the emission produced by the SAM derived in the previous sections. We utilize FGQ12's work on the thermodynamics of the SW. The density of gas after passing through the wind shock at radius Rsw (see Fig 1) is given by
. (23) In the second equality in eq. (23) we have used the result Rsw ≈ Rs(vs/vin) 1/2 appropriate for energy conserving winds. The shocked wind bubble extends from Rsw to the contact discontinuity Rc (Fig. 1) . The latter is close to the forward shock at Rs. Most of the luminosity of the SW is produced at radii near Rs, so we will evaluate the cooling of the SW there. The density of the shocked wind bubble is roughly constant from Rsw to Rs so that nsw(Rs) ≈ nsw(Rsw).
The existence of a forward and reverse shock separated by a contact discontinuity (as in Fig 1) requires that the wind have reached the free expansion radius, where the swept up ISM mass is comparable to the total mass ejected in the AGN wind. This in turn implies that the SAM density is comparable to or larger than the density of the SW given in equation (23) (if this is not the case then the AGN wind is over-pressurized relative to the SAM so there is only one shock, not the two-shock structure shown in Fig. 1) . As a result, free free emission from the SAM always dominates that of the SW outside the free expansion radius.
Since the SW is in general much hotter (see eq. 3) and less dense than the SAM, two temperature effects in the post shock region turn out to be important for the high wind speeds expected (and observed) from AGN (FGQ12). At the wind shock, protons will be heated to Tp ≈ TSW (eq. 3) but electrons will be heated to a lower temperature (as confirmed by observations of collisionless shocks in the solar wind and supernova remnants; e.g., Ghavamian et al. 2007) . Protons and electrons then come into thermal equilibrium via Coulomb collisions, which happens on the timescale (Spitzer, 1962) 
We use ln Λ = 40 in what follows. Given the low densities in the SW (eq. 23) and the high photon energy densities close to the AGN, the shocked wind electrons cool primarily by IC emission rather than free-free emission.
If tei > min(t f low , te,IC ) the electrons and ions do not reach the same temperature (here te,IC is the time it would take to the electrons to cool in the absence of Coulomb collisions). Instead the electrons approach the temperature T eq e determined by balancing IC cooling and heating from Coulomb collisions with hot protons (FGQ12):
in .
Note that this equation for the electron temperature is only valid so long as T eq e TSW . Given the SW electron temperature in equation 25, the IC emission from the SAM is
where NSW ≈ Rsnsw(Rs). Because < γ 2 β 2 > can be somewhat larger than 1 for the SW (up to ∼ 10 when Rs ∼ 1 kpc), the transfer of the SW thermal energy to the scattered photons generally dominates over pure Thomson scattering of AGN radiation. However, so long as Rs 5 pc, the SAM IC emission dominates that of the SW. This is because the density and column density through the SAM are much larger than those through the SW once the forward shock has moved well outside the free expansion radius.
At very small radii, the SW IC emission can be comparable to the total kinetic power of the AGN outflow, but it is generally lower. This is in contrast to Bourne & Nayakshin (2013) , who assumed that L IC SW L kin even for the two-temperature solutions of FGQ12. In particular, they argued that because the electron IC cooling time is short, most of the flow energy would be radiated away. However, most of the shocked wind thermal energy resides in the protons, which only effectively cool on the Coulomb timescale 4 If the flow time is very short the electrons may not even reach T eq e and their temperature would instead be set by the post-shock temperature. For fiducial parameters, we find that the electrons are within a factor of a few of T eq e so the equilibrium calculation is sufficiently accurate for our purposes.
tei(T eq e ) t f low . As a result, very little of the total thermal energy can be radiated away, consistent with the fact that we find L IC SW L kin under most conditions.
Numerical Results
In this section we present numerical results for the thermal emission of the shocked ambient medium as a function of radius. These are obtained using the equations of §3.1-3.3 except that we include first order relativistic corrections in our Compton scattering calculations. Higher order terms are only important for the SAM within the free expansion radius, where our model is invalid anyway. Results for shock radii less than the free expansion radius are omitted from the plots. For nH,0 < 10 cm −3 , tei > t f low at small radii so that inverse Compton emission is somewhat less efficient than the single temperature analytic estimates of §3.1 would suggest. We take this into account following the methods of FGQ12. Note that the free-free emission is limited by the kinetic luminosity of the wind, while the scattered radiation is limited instead by the AGN luminosity and may exceed the kinetic luminosity of the wind.
The left panel of Figure 2 shows the bolometric luminosity vs radius of the forward shock for several values of nH,0, fixing R0 =100 pc, α = 1, and L kin ≈ 5 × 10 44 erg s −1 . The right panel shows the same results for several values of α, the power-law slope of the ambient medium density profile (eq. 1). In all of the plots the solid lines show the freefree emission and the dashed lines show the IC emission. We only show the IC emission for α 1 because otherwise the column density does not converge with increasing radius. Figure 2 shows that the SAM cools on a flow timescale at large radii for nH,0 100 cm −3 , but not for lower densities. In general, IC emission dominates for small radii while free-free dominates at larger radii. Higher densities (larger nH,0) lead to the transition from inverse Compton to freefree cooling happening at smaller radii since L f f ∝ n 5/3 H,0
and LIC ∝ nH,0. In addition, for α > 7/5, the free-free luminosity is dominated by small radii while for smaller α it is dominated by large radii (see eq. 17).
Figures 3 and 4 show the radiation from the SAM in the 1-10 keV and 10-100 keV bands varying nH,0 and α, respectively. Free-free spectra are obtained using the nonrelativistic free-free emissivity from Rybicki & Lightman (1979) . For the IC spectrum, use the the input AGN spectrum in equation (3.1) and assume pure Thomson scattering (because kTSAM mec 2 is appropriate for most of the SAM; see §3.1).
To interpret these results it is useful to note that equations 4 & 7 imply that for nH,0 = 10 cm −3 and α = 1, the temperature of the SAM decreases from ∼ 3 × 10 8 K at Rs = 100 pc to ∼ 6 × 10 7 K at Rs = 1 kpc. For other nH,0, TSAM ∝ n −2/3 H,0 . Thus much of the free-free emission at large radii comes out in the ∼ 1 − 10 keV x-rays (see also eq. 18). This is not true at smaller radii because the post shock temperatures are higher, but inverse Compton emission dominates at smaller radii regardless.
The numerical results in Figures 3 and 4 confirm that a significant fraction of the bolometric luminosity is radiated in the 1 − 10 keV band, particularly at larger radii ∼ 0.1 − 1 kpc where the shock has decelerated somewhat. Higher ambient densities result in faster deceleration, suppressing the hard x-ray emission from large radii in the case of nH,0 = 100 cm −3 and α = 1.
Comparison to X-ray Emission Produced by Star Formation
Observations of star forming galaxies show that there is a reasonably tight correlation between the spatially extended X-ray emission and the star formation rate (Mineo et al., 2014) :
Most of this emission is produced by high mass X-ray binaries. The contribution from diffuse hot gas is ∼ 10% in a few nearby cases where the different components contributing to the X-ray emission can be robustly identified (e.g., M82; Strickland & Heckman 2009).
The rate of star formation in the host galaxies of luminous quasars is not fully understood (compare, e.g., Ho 2005; Condon et al. 2013; . However, even ifṀ * ∼ 300 M yr −1 (which corresponds to L * ∼ LAGN for our fiducial LAGN ∼ 10 46 erg s −1 ), the X-ray luminosity associated with star formation is LX ∼ 10 42 erg s −1 . This is less than the 1 − 10 keV X-ray luminosity we predict for the shocked ambient medium at radii ∼ 0.1 − 1 kpc for nH,0 10cm −3 . (Fig. 3 & 4) . In particular, models in which the AGN wind decelerates significantly to speeds of ∼ 1000 km s −1 via interaction with ambient gas produce significantly brighter X-ray emission. This strongly suggests that AGN powered galactic winds will be associated with spatially extended diffuse X-ray emission significantly in excess of that typical for star forming galaxies. Moreover, it is quite possible that the X-ray emission predicted here underestimates the total X-ray emission from the galactic wind. Studies of nearby star formation powered galactic winds suggest that much of the X-ray emission is produced by the interface regions between a hot flow and cool entrained gas (e.g., Veilleux et al. 2005) . The hot flow itself, which is essentially what we are modeling here, is much more difficult to directly detect.
NON-THERMAL EMISSION
We now analyze emission from non-thermal electrons accelerated by AGN wind shocks. Both the wind shock and the forward shock in the ISM are likely sites of particle acceleration and associated non-thermal emission.
We assume that shock accelerated electrons are produced with a power-law distributionṅ(γ) = Aγ −p where A is a normalization constant. A power law index p ≈ 2 or slightly above 2 is consistent with shock acceleration theory and observations of supernova remnants (Blandford & Eichler, 1987) ; we take p = 2 in what follows. The normalization constant A is determined by the total energy supplied to relativistic electrons at the shock, which we take to be a fraction ξ of the total kinetic energy flux in the AGN wind:
We have scaled to ξ = 10 −2 ξ−2, i.e., 1% of the shock energy For n H,0 1 cm −3 , free-free emission dominates the X-ray emission. In all cases the 1 − 10 keV emission is the best probe of the bolometric luminosity shown in Figure 2 . Most of the X-ray emission is produced at large radii, except for the highest density case with n H,0 ∼ 100 cm −3 . In this case, the shock decelerates rapidly and the emission shifts to longer wavelengths.
going into relativistic electrons. This is required by observations of the total non-thermal synchrotron emission from galaxies, which measures the integrated effect of electron acceleration at supernova shocks (Thompson et al., 2006) . In particular, there is no obvious difference in the properties of AGN-driven shocks relative to supernova shocks that would change the average electron acceleration efficiency.
The ratio of non-thermal synchrotron to inverse Compton emission is given by . X-ray luminosities produced by the shocked ambient medium in 1-10 keV (Left) and 10-100 keV (Right) bands for different values of α, the power law index of the ambient medium density profile (see eq. 1); the density at 100 pc is n H,0 = 10 cm −3 in all cases and the AGN wind has L kin ≈ 5 × 10 44 erg s −1 . Solid lines show free-free emission while dashed lines show IC emission. We do not plot the IC emission for α = 0.5 because in that case the column density increases without bound as radius increases.
In equation (28), we have used a fiducial magnetic field strength of 3 mG, assuming shock compression of an ambient ∼ mG magnetic field; the latter is suggested by observations of high star formation rate galaxies (Condon et al., 1991; McBride et al., 2014) . Equation (28) shows that considering just the shock compressed ISM magnetic field, synchrotron emission will dominate inverse Compton emission for radii 0.1 kpc. It is possible that synchrotron emission dominates at even smaller radii if there is efficient magnetic amplification in the vicinity of the shock.
Synchrotron Emission
The timescale for synchrotron cooling by an electron with Lorentz factor γ is
Comparing this to t f low allows us to find the critical γ above which electrons cool. We can equivalently define a synchrotron cooling frequency above which electrons will radiate all of the energy provided by shock acceleration: (30) For ν ν cool , the predicted emission is νLν ≈ 10 −2 ξ−2 L kin 2 ln(γmax) (synchrotron : radio to X − ray)
The flat spectrum in νLν for ν ν cool is a consequence of our choice ofṅ(γ) ∝ γ −2 , which corresponds to equal energy per logarithmic interval in electron energy. Physically, as long as the magnetic field is sufficiently strong that synchrotron dominates over IC and electrons with a given energy cool on the flow time, the synchrotron emission is independent of the magnetic field strength and the input electron spectrum with equal energy per logarithmic interval of electron energy translates into a flat radio spectrum in νLν . For ν ν cool , νLν ∝ ν 1/2 .
Equation (31) is much less than the radio emission from radio loud quasars, which is ∼ 10 −4 LAGN (Scott & Stewart, 2014) . However, our predicted radio flux for AGN winds is of order the emission from radio quiet quasars. This suggests that observations of radio quiet AGN provide one of the best quantitative probes of the energy content of AGN outflows. Two clear observational ways of distinguishing between jetdominated and wind-dominated radio emission are (1) the spatial extent of the emission and (2) the spectral indices, which should be (by the same logic used above to explain equation 31) Fν ∼ ν −b , with b ∼ 1 for wind dominated emission (slightly steeper if p > 2). A more challenging task is distinguishing between AGN and star formation powered radio emission in radio-quiet quasars. The reason is that equation 31 is not that dissimilar from the standard FIRradio correlation of star forming galaxies, which is νLν (ν = 1.4GHz) ≈ 2 × 10 −6 LF IR (Yun et al., 2001 ). Indeed it is well known that luminous radio quiet Seyferts and radio quiet quasars lie roughly on the FIR-radio correlation (e.g., Roy et al. 1998; Condon et al. 2013 ).
Testing equation (31) ideally requires correlating the radio emission from radio quiet quasars with other wavelengths that best track the bolometric AGN luminosity. Far UV, mid IR, and X-ray are particularly promising possibilities because of the modest scatter in emission at these wavelengths for AGN of similar bolometric luminosity (Scott & Stewart, 2014) . By contrast, because the FIR emission can include a significant contribution from star formation, we expect that if shocks driven by AGN winds in radio quiet quasars indeed dominate their radio emission, the radio emission may correlate less well (i.e., with more scatter) with the FIR emission than with these more direct tracers of the AGN's bolometric luminosity.
The synchrotron emission predicted by equation (31) will extend into the high energy bands if electrons with very high Lorentz factors are accelerated. The maximum Lorentz factor of the electrons can be roughly estimated by setting the synchrotron cooling time comparable to the timescale for diffusive shock acceleration, which is tacc ∼ Ω Blandford & Eichler, 1987) where Ωc is the relativistic cyclotron frequency. This yields a maximum photon energy for synchrotron emission of
where we have continued to assume that synchrotron is the dominant coolant for relativistic electrons. For a fiducial AGN luminosity of LAGN = 10 46 erg s −1 , equation (31) predicts a non-thermal synchrotron ∼ 1−10 keV X-ray emission of ∼ 10 41 erg s −1 . Except for the lowest densities (nH,0 1 cm −3 ), this is less than the thermal free-free emission predicted by equation (17) and Figures 3 and 4 . There will also be inverse Compton γ-ray emission from the nonthermal electrons but at large radii where UB > U ph , this is less than the synchrotron emission predicted by equation (31) by a factor of UB/U ph . The inverse Compton emission will, however, extend to higher energies ∼ TeV.
Inverse Compton Emission
At small radii where U ph UB (eq. 28), inverse Compton cooling will be the dominant energy loss mechanism for accelerated electrons. The non-thermal inverse Compton emission is then
We can analytically estimate E IC min by determining the Lorentz factor γmin above which the IC cooling timescale is less than the flow timescale and using the fact that the final photon energy is ∼ γ 
Because AGN emit at a wide range of energies, including at 1 eV, it is likely that the non-thermal IC emission extends from the soft X-rays well into the TeV γ-rays.
The non-thermal inverse Compton emission predicted by equation (33) is ∼ 10 41 erg s −1 for LAGN ∼ 10 46 erg s −1 . This is typically less than the thermal hard X-ray contribution in Figures 3 and 4 except for the lowest ambient densities nH,0 ∼ 1 cm −3 . The nonthermal IC hard X-ray emission will, however, extend to significantly higher energies.
γ-rays From Pion Decay
Finally, we note that under certain circumstances, γ-ray emission from the decay of neutral pions created by relativistic protons accelerated at the AGN forward shock may produce a significant γ-ray luminosity at 1 GeV. This can be energetically more important than the leptonic γ-ray emission from inverse Compton emission. The maximum luminosity from pion decay is set by the energy supplied to relativistic protons at the forward shock,Ėp ≈ ηL kin , where η ∼ 10 ξ ∼ 0.1η−1, i.e., we assume that the protons receive ∼ 10 times the energy supplied to relativistic electrons (see Beck & Krause 2005) . In the limit that the relativistic protons lose the majority of their energy to pion production before leaving the galaxy the resulting GeV γ-ray luminosity is ∼ 10 times larger than equation (31), i.e.,
(36) Equation (36) for a typical LAGN = 10 46 erg s −1 . We reiterate that this is the maximum γ-ray emission from pion decay. Although it is quite uncertain whether this maximum luminosity is realized, the nearby starburst galaxies M82 and NGC 253 do roughly conform (to a factor of ∼ 3) to the analogous prediction for the maximum γ-ray emission associated with relativistic protons accelerated at supernova shocks interacting with the dense ISM prior to escaping the galaxy (Lacki et al., 2011) .
DISCUSSION
We have examined the thermal and nonthermal emission produced by galactic winds powered by active galactic nuclei (AGN). Most of the emission is produced by the shocked ambient medium (SAM) created as a forward shock is driven into the surrounding interstellar medium (Fig. 1) . In particular, thermal emission from the SAM significantly exceeds that of the shocked AGN wind itself ( §3.4). It is, however, cooling of the shocked AGN wind that determines whether AGN-powered galactic winds conserve energy or momentum (FGQ12). Rapid cooling of the SAM -and the associated high luminosity of an AGN-powered galactic wind -thus does not necessarily imply that the outflow conserves momentum rather than energy (in contrast to some claims; e.g., Pounds & Vaughan 2011) .
Our models assume that AGN-powered galactic winds have kinetic luminosities ∼ 0.01 − 0.1 LAGN and momentum fluxes of ∼ 1 − 10 LAGN/c. These values are motivated by existing observations (e.g., Cicone et al. 2014 ) and by models of the MBH −σ relation. We further assume that the AGN wind interacts with ISM gas that is sufficiently dense to decelerate the AGN outflow on scales of ∼ 1 kpc. If it does not, then the AGN wind simply 'vents.' Thus our models are intended to make predictions that can test the hypothesis that AGN feedback has a significant effect on gas in the ISM of the AGN's host galaxy.
Our key results include the following: 1. The SAM at radii ∼ 0.1−3 kpc should produce a spatially extended 1-10 keV X-ray luminosity from free-free emission of ∼ 10 41 − 10 44 erg s −1 with the exact value depending on the shock radius and the ambient ISM density (Fig. 3 & 4) . This significantly exceeds the spatially extended X-ray emission of star forming galaxies ( §3.6), providing a possible way to observationally distinguish between AGN and star formation powered galactic winds. The thermal free-free emission from the SAM depends primarily on the density of the ambient medium shocked by the AGN wind, and only weakly on the parameters of the AGN wind itself (eq. 16 & 18) . The thermal emission from the SAM is nonetheless an excellent probe of whether the AGN wind interacts significantly with the ISM of the host galaxy, which is a pre-requisite for efficient AGN feedback. 2. Shock accelerated relativistic electrons produce nonthermal synchrotron emission from the radio to the soft Xrays with νLν ∼ 10 −5 LAGN (eq. 31) at radii 100 pc. At smaller radii, inverse Compton cooling by the AGN's radiation likely suppresses the synchrotron emission relative to this prediction, though the precise degree of this suppression depends on the uncertain amplification of ISM magnetic fields in the vicinity of the shock. At small radii 100 pc where inverse Compton emission dominates, the non-thermal inverse Compton luminosity is ∼ 10 41 erg s −1 (LAGN/10 46 erg s −1 ) (eq. 33) from soft X-rays to TeV γ-rays. The GeV γ-ray emission can be up to a factor of ∼ 10 brighter ∼ 10 42 erg s −1 (LAGN/10 46 erg s −1 ) due to emission from the decay of neutral pions created as shock accelerated protons interact with the ambient ISM.
We now discuss our results in the context of current observational constraints. Greene et al. (2014) observed a Type II quasar with ∼ 20 kpc bubble of diffuse X-ray emission having a temperature of 3 × 10 6 K and L 0.3−8 keV ∼ 10 41 erg s −1 . This is roughly the size expected for a bubble produced during a quasar's ∼ 10 7 yr lifetime (eq. 6). The observed temperature, interpreted as the temperature of gas at the forward shock (TSAM ; eq. 4), suggests a shock velocity of ∼ 400 km s −1 . A more likely interpretation is that the soft X-ray emission is produced at the interface between a faster underlying quasar-powered galactic outflow and denser cool clouds (see §3.6 and the discussion below).
The non-thermal radio emission we predict from AGNpowered galactic winds (eq. 31) is much less than that observed in radio-loud quasars. It is, however, comparable to the radio emission observed in radio-quiet quasars. Radio quiet quasars also lie roughly on the high luminosity extension of the FIR-radio correlation of star forming galaxies (Roy et al., 1998) . This either implies that both the FIR and radio emission in radio-quiet quasars are dominated by star formation (e.g., Condon et al. 2013) or that radio quiet quasars and star formation coincidentally produce similar ratios of radio and FIR emission (e.g., . Our results lend some support to the latter hypothesis (see §4). Specifically, we have shown that if quasars drive outflows with energetics suggested by both independent observations and theoretical models of black hole selfregulation, then they should produce radio emission with νLν ∼ 10 −5 LAGN (at least when the outflows reach radii 100 pc where synchrotron dominates over inverse Compton losses; see eq. 31 and related discussion). This prediction is not that different from the observed FIR-radio correlation, which is νLν (1.4 GHz) ≈ 2 × 10 −6 LFIR. Ultimately, this is due to the fact that the kinetic power in AGN outflows suggested observationally and theoretically (∼ 0.01 − 0.1 LAGN)
is rather similar to the energy supplied to the ISM by supernova shocks (≈ 10 −2 L ). Thus the energy budget available for accelerating relativistic electrons is plausibly similar in both the star formation and AGN-wind cases.
There are several ways to test the AGN-wind origin of the radio emission in radio quiet quasars. One is to specifically test whether the radio emission correlates better with observational indicators of star formation or observational indicators of AGN activity (e.g., hard X-rays, narrow line emission). carried out such a test and concluded that the correlation between radio-quiet quasar radio emission and 5007Å O[III] line velocity favored an AGN origin. Mullaney et al. (2013) also showed that there is a correlation between the 1.4 GHz radio emission and the 5007Å O[III] line width and several other AGN luminosity measures. A second test of the AGN-wind origin of the radio emission in radio quiet quasars is to study the most luminous quasars. These have LAGN larger than the star formation luminosity produced by any known population of star forming galaxies. If the radio emission traces AGN activity then this luminous quasar sub-sample might well still have νLν ∼ 10 −5 LAGN while if it traces star formation this sub-sample should have systematically lower radio luminosities. One subtlety in carrying out these tests is that the radio emission from AGN winds is a measure of the integrated energy supplied by the quasar to a galactic wind on timescales comparable to the synchrotron cooling timescale, while many other AGN indicators (e.g., hard X-rays) trace the instantaneous accretion rate. Large variability in the latter could complicate these comparisons.
Firmly identifying the origin of the radio emission in radio quiet quasars has the potential to provide one of the best probes of the impact of AGN-powered galactic winds on their surrounding galaxy. Specifically, our results show that a careful compilation of νLν /LAGN for a population of radio quiet quasars will directly constrain the average kinetic power in quasar outflows (i.e., L kin in eq. 31).
The biggest simplification in our calculations is that we model the AGN outflow and the surrounding medium as homogeneous and spherically symmetric. It is possible, of course, that the AGN wind simply vents out of the polar regions of the galaxy and has little effect on the interstellar gas (e.g., Gabor & Bournaud 2013; Zubovas & Nayakshin 2014) . Our models are specifically intended to test the alternate possibility in which the AGN wind does interact significantly with the ISM. This is appropriate if the gas disk in the host galaxy subtends a significant solid angle viewed from the AGN, e.g., due to feedback from star formation or dynamical processes such as disk warps. Even in this case, however, the ISM through which an AGN wind propagates will in reality be inhomogeneous, with most of the volume occupied by gas at densities well below the mean, while most of the mass is contained in a relatively small volume ("clouds"). Our calculations describe the emission produced by interaction between the AGN wind and gas filling most of the volume. The bulk of the emission produced by interaction with dense clouds is likely to be more difficult to detect. In particular, if the AGN wind encounters clouds with densities n cl /nH 1 (where nH is the density of the volume filling gas), the clouds will be shocked to a temperature ∼ TSAM(nH /n cl ). As argued in §2 the mean gas densities in the central ∼ 0.1 kpc of gas-rich galaxies are a factor of ∼ 10 − 100 larger than the typical gas densities the AGN winds can sweep up given speeds of ∼ 1000 km s −1 at radii ∼ 0.1 − 1 kpc. This suggests that AGN winds will inevitably encounter clouds with densities 100 times larger than the typical density of the volume filling medium. The temperature such clouds will be shocked to is ∼ 10 5−6 K and most of the radiation will thus come out in UV lines, which will be reprocessed into the infrared by dust. The bulk of the emission from shocked clouds will be very difficult to directly observe. However, the high velocity molecular gas observed in Mrk 231 and nearby ULIRGs (e.g., Feruglio et al. 2010 ) is presumably a signature of this interaction. Moreover, much of the spatially extended X-ray emission may be produced at the interface between the AGN wind and cool clouds.
In the context of the simple estimates in this paper, the primary uncertainty to highlight is that the density that comes into the emission predictions for the bulk of the volume of the SAM can differ from the density that determines the dynamics of the wind as it decelerates. This will be the case if most of the mass that contributes to decelerating the AGN wind is initially in overdense clouds that efficiently mix into the AGN wind. In future work, it would be valuable to quantify the impact of this multiphase structure on the high energy emission from AGN powered galactic winds.
